To increase the performance of photochemical fuel cells, nonequilibrium electrodeposition has been performed on Cu and Ni to make photosensitive anodes. Processing parameters including electrolyte concentration, and electrode potential were studied using cyclic voltammetry. Scanning electron microscopy (SEM) and X-ray Spectroscopy (EDS) were performed to understand the formation of the nanostructures during the nonequilibrium deposition of copper fractals. An increase in the deposition rate was observed with the increase in electrolyte concentration (from 0.05 M to 1.0 M). Similar trend was found when the cathode potential was decreased from −0.5 V to −4.5 V. The effect of substrate material was also examined. Porous fractal structures on copper were achieved, while the deposited material showed high density of surface cracks on nickel. The fractal structures deposited on copper electrode with the increased surface area were converted into copper oxide by oxidation in air. Such oxide samples were made into anodes for photochemical fuel cell application. We demonstrated that an increase in the magnitude of open circuit output voltage is associated with the increase in the fractal surface area under the ultraviolet irradiation test conditions. However, the electrodeposited fractals on nickel showed very limited increase in the magnitude of open circuit voltage.
Introduction
With the growing uncertainty about the availability of fossil fuels, a need to research on alternative energy sources has risen. Alternative energy resources are renewable and use the natural sources of energy, for example, solar radiation. Investing in technologies, that use alternative energy resources for high energy generation efficiency, has increased over the last two decades. Fuel cell is one of the most promising technologies in the future to generate electricity using the natural sources. One of the major efforts in fuel cell technology is to make high efficiency electrodes. Nanotechnology plays an important role in making highly active catalytic materials at electrodes.
Nanotechnology typically consists of top-down and bottom-up processing technologies. Material deposition belongs to the bottom-up one, which can be achieved in different ways, including chemical vapor deposition (CVD) [1] , molecular beam epitaxy (MBE) [2] , closed space vapor transport technique [3] , sonoelectrochemical method [4] [5] [6] , chemical bath deposition, and electrodeposition. Electrodeposition offers advantages over competing technologies such as physical and chemical vapor deposition, in that it requires simpler instrumentation and the operating conditions are easy to control [7] . With the trend toward miniaturization, electrodeposition has found more and more applications in nanomaterial processing and manufacturing [8, 9] . It is necessary to study the structure, composition, properties, performance, and applications of different materials using electrodeposition technique.
Electrodeposition can form a material having a desirable form on a substrate. It also provides the deposit material with improved appearance and resistance to corrosion and abrasion to improve the thermoelectric characteristics of the material [10] . The potential application of electrodeposition is to control the thickness of materials so as to provide increased surface area for fuel cells. Understanding electrodeposition process needs the knowledge from fields such as electrochemistry, solid state physics, metallurgy, materials, and electronics [11] . The rate of electrodeposition reaction is the rate at which cations are delivered to the cathode. The three main mechanisms involved in the delivery of ions are migration, convection, and diffusion [12] . Migration refers to the movement of charge through a solution due to a potential gradient. The magnitude of the potential gradient defines the rate of reaction and usually increases with the increase in potential gradient. The velocities of ion transfer in this mechanism are very low and hence its contribution is usually neglected for mathematical simulations [13] . The thickness of the diffusive layer δ [14] is typically 200 μm. If under the conditions of forced convection (stirring), δ can be as low as 1 μm [12] .
Electrodeposition of copper is a diffusion-limited nonequilibrium process [15] . This process produces fractals [16] . Growing fractal structures through electrodeposition of Cu have been reported in the literature [17] [18] [19] [20] [21] [22] . Characterization of fractal structures in the context of dimensions, surface roughness, and nucleation mechanisms was described in [23] . We have studied the growth of copper fractal structures on different substrates using electrodeposition technique with the intention to increase the surface area of the samples. The effects of operating conditions including electrolyte concentration, electrode potential, and electrode material on the deposition kinetics and fractal morphology were studied using cyclic voltammetry and scanning electron microscopic (SEM) analysis. The deposited samples were oxidized and tested as the anode electrode in a photochemical fuel cell.
Materials and Experimental Methods
A three-electrode system consisting of a work electrode, counter electrode, and reference electrode was used for the electrodeposition. The experiments conducted used two types of metals as working electrodes: copper and nickel under varying operating conditions of electrolyte concentration and potential. Copper and nickel were purchased from Alfa Aesar, Ward Hill, Maryland. Both metals are wires with 0.25 mm diameter. The length of the samples was 25 mm. Ag/AgCl which was used as the reference electrode was purchased from Chem Instrument, Austin, Texas. This electrode was sealed in a glass tube with 1. Our experiments can be divided into three main sections as described below. The first part involves the electrodeposition of Cu on Cu and Ni substrates. The Electrochemical Analyzer was calibrated at the required scan rate. Different low and high potentials were used in the study. The range of potential from −4.5 V to −0.05 V was chosen to study the effect of voltage on the electrodeposition process. During the experiment, the current data were collected by the computer and plotted against the voltage input to present the cyclic voltammograms. These cyclic voltammograms were used to analyze the current-voltage trends.
The second part of our experiments is the morphological and compositional study of the fractal structures deposited on Cu and Ni electrodes. Optical micrographs were recorded using a ProScope HR to obtain low magnification pictures of the electrodeposits. Selected samples were used for SEM analysis. The Hitachi S-4800 field emission scanning electron microscope (FESEM) and the Hitachi HD-2300 scanning tunneling electron microscope (STEM) were used to take images and perform energy dispersive X-ray spectroscopy (EDS) composition analysis.
The last part of our experiments is testing the oxidized fractals for photochemical fuel cell applications. The oxidized copper fractals were used to make the anode for breaking down the fuel, and platinum was used as the cathode for hydrogen generation. The fuel used is a mixture of 20% ethanol, 20% phosphoric acid, and 60% water. An external energy source in the form of ultraviolet rays is supplied through an ultraviolet lamp with the power of 4 watts. Open circuit potentials versus time data were recorded. The results were used to verify the effectiveness of the electrodeposited fractals for fuel cell applications.
Results and Discussion

Electrolyte Concentration Effect.
In the following section, the results of cyclic voltammetry are presented to understand the electrochemical properties of the electrolyte concentration and potential effects. Then morphological and composition analysis results are provided. Finally, validation of the fractal samples as the anode electrodes for photochemical fuel cell application is given.
Cyclic voltammetry (CV) is an effective electroanalytical technique to study the basic electrochemistry of reactions. It is used to incorporate the chemistry of a reaction into a circuit and control the reaction using the voltage as the circuit parameter. The effect of electrolyte concentration on electrodeposition was studied using cyclic voltammetry. surface area of the cathode. The potential takes the absolute vales in the plots to be consistent with the widely accepted way in the electrochemistry field. Figure 1 shows the cyclic voltammograms of the 0.05 M and the 0.1 M CuSO 4 ·5H 2 O solutions using Cu as the work and auxiliary electrodes. The start and end electrode potentials for the experiment are 0 V and −2.0 V, respectively. In plotting the curves, the potential takes the absolute values. The graph for the 0.05 M solution signifies two scan curves namely, forward scan curve and backward or reverse scan curve. The forward scan means that the potential changes from 0.0 to −2.0 V. During the reverse scan, the potential changes back from −2.0 to 0.0 V. In the following graphs, a solid line stands for a forward scan curve, while a dotted line represents a backward scan curve. In the forward scan, an initial nonzero value of the cathode current density (I c ) is observed due to the fact that the work electrode potential is greater than the reduction potential (E r ). This generates the nonequilibrium condition as the driving force for copper deposition at the work electrode (cathode). For the test using the 0.05 M solution, a peak reduction potential (E r ) was observed at −0.43 V with a cathode current density (I c ) of 170 A/m 2 . Followed by the peak, a gradual decrease in the current density (I c ) was found. The decrease in the current density (I c ) can be explained by the decrease in the concentration of the electrolyte in the diffusion layer close to the electrode surface.
The reduced copper ions in cathode region deposited at the work electrode, which accounts for the drop in the electrolyte concentration, thus the current density at the cathode. At the anode, the Cu metal is oxidized introducing more copper ions. In the more negatively charged potential region, the current density once again increases due to the hydrogen ion reduction. During the reverse scan, the cathode current (I c ) decreases gradually. The shape of the reverse scan curve is very similar to the forward scan curve with some difference in the magnitude of the current density in the region close to the reduction peak. No other distinctive peaks were observed during the reverse scan. The current decreases to the original start value signifying the completion of the reaction for Cu deposition at the electrode surface.
Also shown in Figure 2 is the cyclic voltammogram for the test performed using the electrolyte with 0.10 M CuSO 4 ·5H 2 O. During the forward scan, the reduction potential (E r ) was observed at the cathode potential of −0.53 V. As compared with the result of the 0.05 M CuSO 4 ·5H 2 O solution, an increase in the peak cathode current density (I c ) to 340 A/m 2 was observed for this higher concentration electrolyte. Such an increase of the current density at the Cu reduction peak is due to the increase in the molar concentration of copper ions in the electrolyte. More electron charge carriers are available in this system.
At even higher electrolyte concentration, the cyclic voltammograms show slightly different features. In Figure 2 (a), the electrolyte used is 0.25 M CuSO 4 ·5H 2 O solution. During the forward scan, the reduction potential (E r ) was observed at the same value of −0.53 V with an increase in the cathode current density (I c ) to 700 A/m 2 . The increase of the current density at this peak is due to the further increase in the molar concentration of the electrolyte. Much more electron charge carriers are available in this system. However, a different feature is found in the reverse scan curve; a crossover occurs at a potential value of −0.93 V. The possible explanation is that the hydrogen reduction at the cathode in the reverse scan slowed down significantly at this potential and results in the current density drop. The potential at this point is defined as the crossover potential (E x ).
In Figure 2 (b), the electrolyte used is 0.5 M CuSO 4 ·5H 2 O solution. During the forward scan, the reduction potential (E r ) was observed slightly shifting to a new value of −0.7 V with an increase in the cathode current density (I c ) to 1550 A/m 2 . This increase of the current density at this peak is due to the further increase in the molar concentration of the electrolyte. The crossover occurs at a potential value of −0.73 V. In Figure 2(c) , the electrolyte used contains 1 M CuSO 4 ·5H 2 O. During the forward scan, the reduction potential (E r ) was observed slightly shifting to a new value of −0.9 V with an increase in the cathode current density (I c ) to 3750 A/m 2 . The drastic increase of the current density at this peak is also due to the significant increase in the molar concentration of the electrolyte. The crossover occurs at a potential value of −1.0 V.
To summarize the effect of concentration on the current density trend of change, the values of major characteristic points are listed in Table 1 .
Electrode Potential Range Effect.
The effect of electrode potential on the nonequilibrium electrodeposition process was studied by keeping the concentration of the electrolyte constant at 1.0 M. The electrolyte used for this study is copper sulphate, and Cu was used as the work and auxiliary electrodes. Different electrode potential ranges (−0.5∼0.0 V, density value is over 20.000 A/m 2 . For both cases, no major difference in the reduction potential value was observed. No major difference was observed in the voltammograms of copper and nickel at 0.1 M and 0.25 M concentration electrolytes. However, the difference in the crossover potential is observed for 0.5 M concentration case. Crossover occurred earlier in the reverse scan of the nickel electrode when compared to the copper. The value of crossover potential for copper and nickel are −0.53 V and −1.1 V, respectively.
Effect of Substrate
Morphology and Composition Analysis.
Morphology and compositional analysis of the electrodeposits were carried out. The optical micrograph recorded using a ProScope HR shows the fractal image of the electrodeposits under low magnification. The SEM provides the image of the deposit under high magnification, and the X-ray mapping reveals information about the element distribution.
Three samples of electrodeposited Cu electrodes under different operating conditions (concentration, potential, and electrode) were analyzed. Figure 4 presents the results of characterization of Cu sample electrodeposited in 0.25 M concentration of CuSO 4 ·5H 2 O at an electrode potential of −2.0 V. The nonequilibrium electrodeposition under the conditions causes uneven deposition of copper material on the electrode surface as shown in Figure 4 (a). SEM image in Figure 4(b) shows the incipient growth of fractal-like structures. But the fractals are not fully formed. The EDS spectrum confirms the major element of Cu as revealed by the three peaks at the energy levels of 1 keV, 8 keV, and 9 keV. Higher peaks were shown at 1 keV and 8 keV, and a weaker signal was found at 9 keV.
In the case of electrodeposition of Cu in 1.0 M CuSO 4 ·5H 2 O at −4.5 V, the thickness of electrodeposition increases as shown in Figure 5 (a). The fractal growth is obvious under this condition with high-density dendrite structure observed in the SEM image as shown in Figure 5 (b). Such a fractal structure increases the separation of the material, which is necessary for the use as an electrode in fuel cells. The EDS spectrum as shown in Figure 5 We also analyzed the deposits on nickel substrate using 0.5 M CuSO 4 ·5H 2 O and the electrode potential of −2.0 V. Figure 6(a) , the SEM micrograph, shows the surface morphology. Obviously, the fractals begun formation but are not fully developed. EDS analysis results in Figure 6(b) show that the composition is more complicated that the deposits on copper substrate because the nickel substrate contains impurities such as Ta, S, and C.
It is can be seen from the morphological analysis results in Figures 4(b) , 5(b), and 6(b) that the dimension of the stem/trunk of the fractals may be at micron or submicron level. However, the size of the fine branches of these fractals is at the nanometer level. Such fine features have very high surface areas, and they are favorable for many novel applications especially for catalysis as will be presented later.
Fractals as Anode Materials for Photochemical Fuel Cell
Applications. The application of the electrodeposited fractals was shown in a photochemical fuel cell. The electrolyte mixture of 20% ethanol, 20% phosphoric acid, and 60% water was used. Three cases of using different samples as the fuel cell anodes were chosen for comparison. An external energy source in the form of ultraviolet rays was used to sustain the breakdown of ethanol fuel to generate hydrogen and electricity. The electrons accumulated at the anodes were measured by the open circuit voltages using the electrochemical analyzer. The output data were plotted as voltage versus time curves. We also tested the materials deposited on the nickel substrate. 
Conclusion
Non-equilibrium electrodeposition was performed, and the prepared fractal-like materials were used for fuel cell anodes. The following conclusions are made. As the concentration of electrolyte increases, the magnitude of reduction potential shifts to more negative region, from −0.43 V to −1.0 V. During the deposition, as the used potential range increases, crossover between the forward and reverse scans occurs in the range from −0.5 V to −1.0 V. Under the same deposition conditions, there exists difference in the crossover potential between Cu and Ni substrates. Fractal-like structures were observed on electrodeposited Cu under different operating conditions away from the equilibrium states. These conditions influence the morphology of the deposits. The shape changes from honey-comb-like structures to ferntree-like structures containing circular, oval, and spherical nanocrystals. After oxidation, the electrodeposited fractals were tested in a fuel cell environment and showed an increase in the magnitude of output DC voltage under UV irradiation. The nanostructure deposited increases the surface area of the electrode, which could improve the efficiency of the fuel cell electrodes.
